Abstract. The role of the North Atlantic Oscillation, the Pacific Decadal Oscillation, volcanic and other aerosols, as well as the extraordinary solar activity of the late 20 th century are discussed in the context of the warming since the mid-1970s. Much of that warming is found to be due to natural causes.
INTRODUCTION
In 1996 James Hurrell-with reference to the 1995 report of the Intergovernmental Panel on Climate Change-made the point that "elements of the temperature anomaly pattern since the mid-1970s resemble the greenhouse warming fingerprint predicted by some general circulation models. However, it is difficult to assess whether the observed changes are in response to greenhouse gas forcing, or whether the changes are part of a natural decadal-timescale variation in the circulation." He found that "Pronounced changes in the wintertime atmospheric circulation have occurred since the mid-1970s over the ocean basins of the northern Hemisphere, and these changes are related to changes in the north Atlantic Oscillation (NAO) . . ." and that "nearly all the cooling in the northwest Atlantic and the warming across Europe and downstream over Eurasia since the mid-1970s results from the changes in the NAO, and the NAO accounts for 31% of the hemispheric interannual variance over the past 60 winters." 1 Later, in 2001, Visbeck, Hurrell, Polvani, and Cullen wrote that "Because global average temperatures are dominated by temperature variability over the northern land masses, a significant fraction of the recent warming trend in global surface temperatures can be explained as a response to observed changes in atmospheric circulation. Because the NAO is a natural mode of the atmosphere, one could argue that much of the recent warming is not related to the build-up of greenhouse gases in the atmosphere over the past century. This viewpoint, however, ignores the possibility that anthropogenic climate change might influence modes of natural variability, perhaps making it more likely that one phase of the NAO is preferred over the other." They went on to note, "At present, there is no consensus on the process or processes that are responsible for observed lowfrequency variations in the NAO." 2 Put in other terms, the buildup of atmospheric concentrations of carbon dioxide may not be directly responsible for most of the global temperature rise since the mid-1970s.
Rather, forcing due to increased carbon dioxide concentrations or other human activities may have affected the duration and frequency of positive NAO phases. To have a one to two year effect on climate, sulphate from volcanic eruptions must enter the stratosphere since material injected into the troposphere is rapidly precipitated. In addition, the particles comprising the stratospheric sulfate aerosol must be of the appropriate size to induce a net cooling.
The volcanism record is generally based on electrical conductivity or sulphate measurements in ice cores. The sulphate record so obtained, however, must be adjusted for ocean productivity. Marine phytoplankton (mostly algae) produce dimethylsulfide (C 2 H 6 S). More extensive winter sea ice promotes an increase in phytoplankton activity during the seasonal melting of sea ice, resulting in an increase in the amount of dimethylsulfide released.
The principal oxidation products of dimethylsulfide are methanesulfonic acid (CH 3 SO 3 H) and sulfur dioxide (SO 2 ), which is converted to non-sea-salt sulphate. The latter is also produced by volcanoes and other sources of non-organic sulphate. It has been maintained that methanesulfonic acid in Antarctic ice cores can be used as a measure of marine biogenic activity 5 or sea ice extent. 6 Unfortunately, the oxidation reactions that convert dimethylsulfide to methanesulfonic acid and sulfur dioxide are not well known, and the relative amounts of these products-and variations in their transport to Antarctica-are uncertain. The hydroxyl radical (OH) is probably the most important oxidant. Following large eruptions, the scattering of solar radiation by the aerosol and reaction with SO 2 can deplete the abundance of OH radicals in the stratosphere thereby affecting the rate of conversion of sulfur dioxide to aerosol.
At the same time, the material injected into the stratosphere begins to circle the globe equatorially and is also unevenly transported latitudinally. In addition, condensation and coagulation produce larger particles that do not scatter incoming radiation as effectively as smaller ones and also settle out of the stratosphere at a faster rate.
Stratospheric aerosols have a cooling effect by reflecting short-wave solar radiation, 
SOURCES OF GLOBAL WARMING SINCE THE MID-1970s
It is worth reiterating the observation of Visbeck, et al. 
Aerosols
The Arctic is purported to be the region of the earth most sensitive to radiative forcing by rising carbon dioxide concentrations. is not a causal connection.
Solar Activity
As can be seen from 
Variations in cloud cover and cosmic rays
If solar variations are to play an important role in climate change, what is needed is a mechanism that transcends the effects of the relatively small variations in solar irradiance that is correlated with variations in solar activity. The most likely candidate is the modulation of the cosmic ray flux by solar activity and the observed, correlated, variations in the earth's albedo. However, cyclic variations in earth's climate following the sun's 11 year cycle cannot alone explain the warming over the last century. At most, such correlations show that solar variations can affect climate, but for solar activity to be responsible for a significant portion of the last century's warming, there must be a centennial change. And, there is. Cosmic-ray intensity, as reconstructed from 10 Be concentrations in ice cores show a ~5-6% decrease over the twentieth century, corresponding to a 1% decrease in cloud cover.
The overall mechanism that has been proposed is as follows: The sun emits electromagnetic radiation and energetic particles known as the solar wind. A rise in solar activity affects the solar wind and the inter-planetary magnetic field by driving matter and magnetic flux trapped in the plasma of the local interplanetary medium outward, thereby creating what is called the heliosphere and partially shielding this volume, which includes the earth, from galactic cosmic rays-a term used to distinguish them from solar cosmic rays, which have much less energy. Long-term variations in the earth's magnetic field can also play a role. Solar variability not only affects the sun's irradiance, but also modulates incoming galactic cosmic radiation striking the earth's atmosphere. This is readily apparent in Fig. 7 below.
14 Note the inverted scale for changes in solar irradiance. What Figure 7 shows is the very strong correlation between galactic cosmic rays, solar irradiance, and low cloud cover: When solar activity decreases, with a consequent small decrease in irradiance, the number of galactic cosmic rays entering the earth's atmosphere increases as does the amount of low cloud cover. This increase in cloud cover results in an increase in the earth's albedo, thereby lowering the average temperature. The sun's 11 year cycle is therefore not only associated with changes in irradiance, but also with changes in the solar wind, which in turn affect cloud cover by modulating the cosmic ray flux. This, it is argued, constitutes the strong positive feedback needed to explain the significant impact of small changes in solar activity on climate.
Finally, Figure 8 shows the centennial variation in low cloud cover derived from a variety of indices. In Fig. 8 , the "heliocentric potential" is an electric potential centered on the sun, which is introduced to simplify calculations by substituting electrostatic repulsion for the interaction of cosmic rays with the solar wind. Its magnitude is such that the energy lost by cosmic rays in traversing this electric field to reach the earth's orbit is equal to the energy that would be lost by cosmic rays while interacting with the solar wind in passing through the solar system to reach the earth.
As can be seen from the figure, and as was mentioned earlier, there has been a decrease in low cloud cover by about 1% over the last century. This is consistent with the data in Figure 7 where a 1% decrease in cloud cover corresponds to a 5-6% decrease in galactic cosmic ray flux. Note also, the significant rise in cloud cover during the Little Ice Age (LIA) extending from the mid 17 th century to the early 18 th .
A valuable resource for the connection between solar activity, cosmic rays, and clouds appears in the first two sections of the CERN Cloud Proposal. 16 In the summary the authors state the following:
"Beyond its semi-periodic 11-year cycle, the Sun displays unexplained behaviour on longer timescales. In particular, the strength of the solar wind and the magnetic flux it carries have more than doubled during the last century. The extra shielding has reduced the intensity of cosmic rays reaching the Earth's atmosphere by about 15%, globally averaged. This reduction of cosmic rays over the last century is independently indicated by the light radioisotope record in the Greenland ice cores. If the link between cosmic rays and clouds is confirmed it implies global cloud cover has decreased during the last century. These observations suggest that solar variability may be linked to climate variability by a chain that involves the solar wind, cosmic rays and clouds. The weak link is the connection between cosmic rays and clouds. This has not been unambiguously established and, moreover, the microphysical mechanism is not understood. Cosmic rays are the dominant source of ions in the free troposphere and stratosphere and they also create free radicals. It has been proposed that ions may grow via clustering to form aerosol particles which may ultimately become cloud condensation nuclei (CCN) and thereby seed clouds. Recently a search for massive ions in the upper troposphere and lower stratosphere was started by MPIKHeidelberg using aircraft-based ion mass spectrometers. Preliminary results indeed indicate the presence of massive positive and negative ions. In addition to their effect on aerosol formation and growth, cosmic rays may also possibly enhance the formation of ice particles in clouds."
While "the weak link is the connection between cosmic rays and clouds", this does not mean that there is not a strong correlation between the two as shown in One can also use a simple phenomenological approach to obtain an estimate of solar variations on climate since 1900. 17 These methods yield a range of 36-50% for the percentage of temperature rise since 1900 due to the increase in solar activity.
How does this fit with Hurrell's claim that "nearly all of the cooling in the northwest Atlantic and the warming across Europe and downstream over Eurasia since the mid1970s results from changes in the NAO"? The answer depends on whether there is a relationship between solar activity and the NAO, and this is unknown.
One thing that should be clear at this point, however, is that the recent rise in global temperature is probably not due to rising carbon dioxide concentrations as is generally assumed. Given the uncertainties outlined above, even this basic assumption behind the findings of the Intergovernmental Panel on Climate Change (IPCC) is probably incorrect.
And while rising carbon dioxide concentrations are likely to be responsible for a small portion of the warming since the mid-1970s, the IPCC has been using far too high an estimate for climate sensitivity to a doubling of carbon dioxide in its projections.
It is also important to understand the uncertainties associated with such projections.
Future climate projections by the IPCC will be based on coupled ocean-atmosphere climate models. These models are validated by using past data to predict present surface temperatures. There is, however, as put by Valdes, "large intermodel variability in the prediction of present-day surface temperature for atmospheric GCMs [Global Climate
Models-generally using a simplified ocean treatment rather than being coupled to an ocean circulation model]. At high latitudes the differences can exceed 10 o C. Simulations with coupled ocean-atmosphere models will almost certainly have an even wider spread of results. . . . Thus it could be said that the models and data agree to within the error bars. However, this interpretation of modeling results is controversial since a similar argument applied to future climate predictions would suggest that the predicted change in future climates in mid-and high latitudes does not exceed the modeling errors!" 18 That is, the modeling errors could well exceed the temperature changes predicted by the models. In that case, how can one argue that model projections are a sound basis for formulating public policy?
SUMMARY
The conclusion of this essay can be stated in a single sentence: Much, if not all, of the warming during the late 20 th century was most likely due to natural rather than anthropogenic causes.
